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.e current code speciﬁes aminimum torsional reinforcement ratio to prevent possible brittle failure after torsional cracking in concrete
members. However, since there are many researches, in which even the concrete members with the minimum torsional reinforcement
fail to secure suﬃcient reserved strength after torsional cracking, continuous research needs to be carried out. Accordingly, in the
authors’ previous research, a minimum torsional reinforcement ratio was proposed based on the reserved strength concept and was
extended to the steel ﬁber-reinforced concrete members in order to suggest the minimum ﬁber factor as the minimum torsional
reinforcement ratio. In the present study, a pure torsion test was carried out on reinforced concrete and steel ﬁber-reinforced concrete
members after a brief introduction on the above, and the proposed model was veriﬁed based on the test results. .e test results of six
torsional specimens were compared with those of the proposed model, and it was found that the proposed model provides a reasonable
evaluation on the torsional failure mode of the specimen according to the reserved strength ratio.
1. Introduction
With the development of construction materials and concrete
engineering, concrete members are becoming increasingly
irregular and slender. .erefore, the importance of torsional
design is increasing, although it was not considered important
in the design of concrete structures [1, 2]. As in the case of
ﬂexural and shear design of concrete members, the minimum
torsional reinforcement should be determined by the torsion
design to prevent brittle failure of the members after the
occurrence of torsional cracking. However, based on the
minimum torsional reinforcement ratio presented in the
current structural standards [3–6], the reserved strength of
members subjected to torsion is often evaluated to be on the
unsafe side [7]. In addition, the current structural standards
fail to consider the correlation between transverse and lon-
gitudinal reinforcement or fail to oﬀer the minimum longi-
tudinal reinforcement for torsion in most cases.
In a previous research [8], authors proposed a mini-
mum torsional reinforcement ratio to ensure suﬃcient
reserved strength exceeding the torsional cracking strength
(Tcr) by introducing the reserved strength factor (λ). Both
the longitudinal and transverse reinforcement ratios were
considered in the proposed method. In addition, the
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authors proposed a minimum torsional reinforcement
requirement not only for reinforced concrete (RC) mem-
bers but also for steel ﬁber-reinforced concrete (SFRC)
members using the minimum ﬁber factor (Fmin) and
suggested an integrated approach for both RC and SFRC
members. In the present study, the proposed minimum
torsional reinforcement ratio of the RC and SFRCmembers
was introduced brieﬂy, and the proposed model was ver-
iﬁed through experimental research on a total of six tor-
sional specimens.
2. Minimum Torsional Reinforcement
2.1. Reinforced Concrete (RC) Members. In the previous
research [8], the minimum amount of torsional re-
inforcement was derived with the reserved strength concept,
in which the ultimate torsional strength (Tn) should be
larger than certain strength related to cracking strength
(λTcr). .e torsional cracking strength (Tcr) of the rein-
forced concrete member was provided based on the existing
experimental results [9, 10]. In addition, for the torsional
strength (Tn), the ACI318 code [3] was used. .e torsional
strength can be expressed with either transverse or longi-
tudinal reinforcement from the equilibrium condition of
forces in the space truss model [8], and with the relation
between Tn and λTcr, the minimum amount of torsional
reinforcement in transverse and longitudinal directions was
derived. If the reinforcement amount is expressed by re-
inforcement ratio and the ratios in two directions (ρt and ρl)
are added together, the total minimum torsional re-
inforcement ratio (ρtot,min) is derived as follows:
ρtot,min � 0.34
��
fc′√ AcpA0 phpcp fyt cot θ + fyl tan θfytfyl( ), (1)
where fc′ is the compressive strength of concrete (MPa), Acp is
the area enclosed by the outer perimeter in the concrete section,
A0 is the cross-sectional area closed by shear ﬂow, ph is the
centerline perimeter of the outermost closed transverse stirrup,
pcp is the outer perimeter length of the concrete section, fyt is
the yield stress of transverse torsional reinforcement, and fyl is
the yield strength of longitudinal torsional reinforcement. .e
reserved strength factor (λ) was determined to secure a re-
served strength greater than 35% based on the results of
existing experiments [8]. Also, in equation (1), tan θ can be
calculated by
����������
ρtfyt/(ρlfyl)
√
[11], which is limited to 0.3 ∼ 3
[8]. If either one of the longitudinal and transverse re-
inforcement requirements is determined in design, the mini-
mum torsional reinforcement requirement in the other
direction can be determined using equation (1) and tan θ.
2.2. Steel Fiber-Reinforced Concrete Members. In recent
years, studies have been actively conducted to incorporate
steel ﬁbers to replace the complicated reinforcement details of
RC members or the minimum reinforcement requirement
[1, 7, 12–20]. In the previous research of the authors [8],
equation (1) was extended to suggest theminimum amount of
torsional reinforcement, which is suitable for SFRC members
to which the minimum ﬁber factor (Fmin) is introduced.
According to the thin-walled tube theory [21], because
steel ﬁbers near the center of the cross section of the SFRC
member contribute little to torsional moment resistance,
the steel ﬁbers only within the eﬀective thickness (td) were
assumed to be eﬀective to resist torsional moment [22].
With the eﬀective thickness, the eﬀective volume fraction
of the steel ﬁbers was also derived [8] and the steel ﬁbers
resisting torsion within the eﬀective thickness were simply
assumed to be evenly distributed in the transverse and
longitudinal directions. .ese can be regarded as the
equivalent reinforcement ratios of the steel ﬁbers that
resist in the transverse and longitudinal directions, that is,
ρft and ρ
f
l .
Since steel ﬁbers exhibit a very high tensile strength, the
maximum stress is determined by the bond stress between
the ﬁber and the concrete [19]. .erefore, the maximum
stress of the steel ﬁber (σsfmax) was calculated by the bond
strength between the steel ﬁber and the surrounding con-
crete as follows [8]:
σsfmax � 0.41τuf
F
Vf
, (2)
where τuf is the ultimate bond stress, which is 2.5fct [23],
fct is the tensile strength of concrete (0.33
��
fc′√ ) [24], and
Vf is the ﬁber volume fraction. In addition, F represents
the ﬁber factor considering the geometry and volume
fraction of the steel ﬁbers and can be calculated as
lfVfαf /df , where lf and df are the length and diameter of a
ﬁber, respectively, and αf is the bond factor according to
the type of steel ﬁber [25].
.e previous research [8] found that, in the case of
SFRC members with reinforcing bars, the sum of the
torsional reinforcing bar and steel ﬁbers should meet the
minimum torsional reinforcement ratio represented in
equation (1). In other words, if the equivalent re-
inforcement ratio based on the sum of reinforcement ratios
for reinforcing bars (ρrebartot � ρl + ρt) and steel ﬁber-
reinforcement ratio (ρsftot � ρ
f
t + ρ
f
l ) is greater than equa-
tion (1), a suﬃcient reserved strength can be secured
against the torsional load. .us, the relationship ρrebartot , ρ
sf
tot,
and ρtot,min of equation (1) is expressed by the following
equation:
ρrebartot + ρ
sf
tot
σsfmax
fyt + fyl( )/2
≥ ρtot,min. (3)
.erefore, in the form of the required minimum ﬁber
factor, Fmin is derived as follows:
Fmin � 1.5 ρtot,min − ρrebartot( ) fyt + fyl
ξ
��
fc′√ . (4)
In case equation (4) gives a negative value, it means that
steel ﬁbers to ensure the reserved strength is not necessary.
Additionally, for the SFRC members without reinforcing
bars, ρrebartot � 0, the minimum ﬁber factor (Fmin) can be
calculated by substituting equation (1) into ρtot,min and
replacing the yield strengths (fyt and fyl) with the maxi-
mum stresses of the steel ﬁbers (σsfmax) of equation (2).
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3. Experimental Program
3.1. Details of Test Specimens. In the present study, a pure
torsion test was conducted on a total of six test specimens, as
shown in Table 1, and the proposed equations for calculating the
minimum torsional reinforcement requirements (i.e., equations
(1) and (4)) were veriﬁed based on the test results. .e main
variables of the test specimens include compressive strength of
concrete (fc′), longitudinal reinforcement ratio (ρl), transverse
reinforcement ratio (ρt), and incorporation of steel ﬁbers. As
shown in Figure 1, the length of each specimen was 3,000mm,
the cross-sectional width and height were 350mm and 500mm,
respectively, and the net cover thickness was 20mm. In ad-
dition, the measurement section in which torsional failure was
induced is the center of the member, and stirrups were placed
densely in other sections to prevent failure. As summarized in
Table 1, D13, D16, and D19 steel bars were used in the test
specimens, and the average yield strengths of each rebar were
489.8MPa, 467.5MPa, and 500.4MPa, respectively. In addition,
the transverse reinforcement ratios of the specimens (ρt) ranged
from 0.34% to 0.91%, the longitudinal reinforcement ratios (ρl)
from 0.43% to 0.98%, and the total reinforcement ratios (ρtot)
from 0.77% to 1.89%. Also, the ρtfyt/ρlfyl ratio of all specimens
was designed to be less than 1.0, considering the details of
reinforcing bars placed in typical structures.
Of the six test specimens, steel ﬁbers were mixed in the
MTF25-0.77 and MTF25-N specimens. .e MTF25-0.77
specimen has the same cross-sectional details as those of
the MT30-0.77 specimen, which is an RC member. .e
MTF25-N specimen is a member in which only longitudinal
reinforcement is placed without transverse reinforcement.
.e steel ﬁber volume fraction (Vf ) of the SFRC specimen
was 2.0%, and a hook-shaped steel ﬁber with a diameter (df )
of 0.5mm, a length (lf ) of 30mm, and a tensile strength of
1,200MPa was used in the test specimen.
Table 2 shows the mix proportion of the concrete in the
test specimens. Portland cement type I and coarse aggregates
with a maximum size of 25mm were used. .e concrete
compressive strengths (fc′) of the MT30 series, MT40 series,
and MTF25 series were 29.3, 40.3, and 24.0MPa, re-
spectively. .e MTF25 series specimens were originally
designed with the same mix proportion as the MT30 series
specimens. However, it was estimated that their compressive
strengths were somewhat lower due to the ﬁber balling
phenomenon during concrete placement [26].
3.2. Test Setup and Measurements. Figure 2 shows the details
of torsional loading and displacementmeasurements. As shown
in Figures 2(a) and 2(c), a frame was ﬁxed at a point 300mm
away from the right end of the test specimen. As shown in
Figures 2(a), and 2(b) at a point 300mm away from the left end,
a 600mm long torsion arm was installed to introduce a tor-
sional moment (T). Moreover, as shown in Figure 2(c), rollers
were installed in the upper and lower parts at the right end to
release the longitudinal restraints, while an arc bearing was
placed at the lower part of the left end of the test specimen so
that torsional rotation can occur, as shown in Figure 2(b).
.e load was applied using a 500kN capacity actuator in
displacement control, and tests were performed until the load
decreased to less than 80% of the maximum strength.
As shown in Figure 1, nine strain gauges were installed in
longitudinal reinforcement. In all specimens except for the
MTF25-N specimen, a total of 12 strain gauges were attached
to the transverse reinforcement, six on the side and six at the
bottom of transverse reinforcement. Additionally, as shown
in Figure 2(d), two LVDTs were installed on the front and
back sides of the test specimen, respectively, at a location
800mm away to the left and the right from the center of the
test specimen.
4. Test Results and Discussion
4.1. Torsional Behavior of Test Specimens. Figure 3 shows the
crack patterns and failure modes of the test specimens. All the
specimens underwent torsional failure within the planned test
sections. In addition, since the test specimens have a relatively
small amount of torsional reinforcement, longitudinal and
transverse torsional reinforcements yielded after the occur-
rence of cracks, as shown in Figures 4–6. .e MT30-0.77
specimen with the smallest amount of torsional re-
inforcement exhibited a decrease in load immediately after
the torsional cracking, as shown in Figure 4. .e MT30-1.32
specimen with longitudinal reinforcement more than twice
that of the MT30-0.77 specimen showed a critical torsional
crack angle of approximately 45° at the ﬁnal failure, and more
cracks occurred compared to the MT30-0.77 specimen.
However, while the MT30-1.32 specimen showed typical
torsional failure, themember suﬀered premature failure as the
load was rapidly applied due to the malfunction of the ac-
tuator at the point of torsional cracking, as shown in Figure 4.
As shown in Figure 5, the MT40-1.32 specimen showed a
decrease in load as the critical torsional crack propagated rapidly
after the torsional cracking strength. Ultimately, it failed to
ensure the reserved strength and showed a similar behavior to
that of the MT30-0.77 specimen. .is is because the amount of
torsional reinforcement placed in the specimen was not suﬃ-
cient to ensure the reserved strength, and consequently, the
concrete struts failed, as shown in Figure 3(c). In the case of the
MT40-1.89 specimen with the largest amount of torsional re-
inforcement, multiple torsional cracks occurred in the test
section, as shown in Figure 3(d). One critical crack was
gradually propagated with the load increasing and caused the
member failure. In addition, as shown in Figure 5, the MT40-
1.89 specimen exhibited the highest reserved strength among all
specimens and showed very ductile behavior up to the ultimate
strength even after torsional cracking.
.e MTF series specimens are members in which steel
ﬁbers are incorporated. .e MTF25-0.77 specimen has the
same reinforcement details as the MT30-0.77 specimen. As
shown in Figure 3(e), the MTF25-0.77 specimen showed a
tighter and denser distribution of cracks compared to the
MT30-0.77. Moreover, it was observed that the crack opening
was well controlled by the bridging eﬀect of the ﬁbers even after
the occurrence of critical cracks. However, the damage was
concentrated on the upper surface of the concrete at near the
failure, as shown in the right side of Figure 3(e), and ac-
cordingly, signiﬁcant strength improvement did not occur
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Table 1: Details and properties of specimens.
Specimen names fc′(MPa) Longitudinalreinforcement Transverse reinforcement Steel ﬁber reinforcement
Steel bars (ρl) fyl(MPa) Steel bars (ρt) fyt(MPa) S(mm) Vf(%) lf(mm) df(mm) Fiber shape
MT30-0.77 29.3 6-D13 (0.43%) 489.8 D10 (0.34%) 467.5 180 Without ﬁbers
MT30-1.32 29.3 6-D19 (0.98%) 500.4 D10 (0.34%) 467.5 180 Without ﬁbers
MT40-1.32 40.3 6-D19 (0.98%) 500.4 D10 (0.34%) 467.5 180 Without ﬁbers
MT40-1.89 40.3 6-D19 (0.98%) 489.8 D13 (0.91%) 489.8 120 Without ﬁbers
MTF25-0.77 24.0 6-D13 (0.43%) 489.8 D10 (0.34%) 467.5 180 2.0 30 0.5 Hooked
MTF25-N 24.0 6-D13 (0.43%) 489.8 Without transverse steel 2.0 30 0.5 Hooked
Strain gauge
D10@90mm D10@180mm
6-D13
6-D13
CL
1620 690690
50
0
45
0
20
300
350
D10
(a)
D13@60mm D13@120mm
6-D19CL
720 1560 720
6-D19
50
0
45
0
20
300
350
D13
(b)
D10@90mm
3000mm
CL 6-D13
690 1620 690
50
0 11
30
350
6-D13
D10
(c)
Figure 1: Details of specimens: (a) MT30-0.77; (b) MT40-1.89; (c) MTF25-N.
Table 2: Mix proportion.
Specimen series W/C (%) S/a (%)
Weight per m3
W C S G AE SF
MT30 series 47 42 158.78 339.72 754.20 1042.24 0.15 —
MT40 series 40 42 158.78 395.10 712.11 1038.54 0.17 —
MTF25 series 47 42 158.78 339.72 754.20 1042.24 0.15 157.2
W/C: water-cement ratio; S/a: sand percent of total aggregate by weight;W: water; C: cement; S: sand; G: coarse aggregate; AE: air-entraining agent; SF: steel
ﬁber.
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when compared to the MT30-0.77 specimen, as shown in
Figure 6. .is result appears to be due to the ﬁber balling
phenomenon in the MTF25-0.77 specimen, which was con-
ﬁrmed by comparing fractions collected from the upper part of
the MTF25-0.77 specimen shown in Figure 7(a) and those of
the MTF25-N specimen shown in Figure 7(b). It is expected
that if the members were well manufactured so that the ﬁbers
can be evenly distributed, further reserved strength could be
secured after torsional cracking even in the MTF25-0.77
specimen. Meanwhile, no transverse reinforcement was
Spherical seat
Actuator
Arc bearing
1600mm
800mm
Roller
Loading
LVDT
400mm300mm
(a)
Loading
600
Spherical seat
Actuator
Arc bearing
(b)
Roller
(c)
60
0m
m
300mm 400mm 300mm400mm
800mm
1600mm
LVDT
LVDT
LVDT
LVDT
35
0m
m
To
rs
io
n 
ar
m
Specimen
(d)
Figure 2: Test setup and location of LVDT: (a) front view; (b) left-end view (free to rotation); (c) right-end view (ﬁxed against rotation); (d)
top view of specimen and location of LVDT.
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placed; however, longitudinal reinforcement and 2% steel ﬁbers
were incorporated in the MTF25-N specimen. As shown in
Figure 6, the MTF-25N specimen showed a rapid decrease in
load after torsional cracking and reached failure as the width of
the critical torsional crack was greatly expanded, as shown in
Figure 3(f). Consequently, it failed to ensure the torsional
reserved strength.
4.2. Evaluation of Reserved Strengths of Test Specimens.
Table 3 summarizes the results of torsional tests performed
in this study. .e torsional cracking strengths of the MT40
series with a compressive strength of 40.3MPa were greater
than those of the MT30 series with a compressive strength of
29.3MPa. .eMT40-1.89 specimen with the largest amount
of torsional reinforcement showed the highest torsional
strength of 98.4 kN·m, whereas the MTF25-N specimen
without transverse reinforcement showed the lowest tor-
sional strength of 54.0 kN·m.
.e MT30-0.77 specimen failed to exhibit the reserved
strength after torsional cracking strength due to a low re-
inforcement ratio. In contrast, theMT30-1.32 specimen with
Front
Back
Under loading
(a)
Front Top
Back
(b)
Spalling aer testFront
Back
(c)
Front Under loading
Back
(d)
Top
Failure at the top surfaceFront
Back
(e)
Top
Under loading
Front
Back
(f )
Figure 3: Crack pattern and failure of specimens: (a) MT30-0.77; (b) MT30-1.32; (c) MT40-1.32; (d) MT40-1.89; (e) MTF25-0.77; (f )
MTF25-N.
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Figure 4: Torsional moment-twist of MT30 series.
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Figure 5: Torsional moment-twist of MT40 series.
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more longitudinal reinforcement showed an increase in
strength after cracking; however, the increase was not
signiﬁcant (i.e., λ � 1.11). Even the MT40-1.32 specimen
with the same cross-sectional details as the MT30-1.32
specimen failed to exhibit the reserved strength. .is
suggests that since the torsional cracking strength is high in
the member with a relatively high concrete compressive
strength, a larger amount of torsional reinforcement is
required to ensure the reserved strength. .e MT40-1.89
specimen with 167% greater transverse reinforcement
compared with the MT40-1.32 specimen exhibited suﬃ-
cient reserved strength after torsional cracking, as shown in
Figure 5. .e reserved strength ratio (λ � Tn/Tcr) was es-
timated to be 1.61, which is greater than the target reserved
Torsional cracking strength
Ultimate torsional strength
Yielding of longitudinal reinforcement
Yielding of transverse reinforcement
0
10
20
30
40
50
60
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
To
rq
ue
 (k
N
·m
)
Angle of twist (rad/m)
MTF25-N
MTF25-0.77
Figure 6: Torsional moment-twist of MTF25 series.
(a) (b)
Figure 7: Fractions of SFRC members: (a) MTF25-0.77; (b) MTF25-N.
Table 3: Test results and validation of the proposed model.
Specimen
names
At cracking At ultimate
At yielding of steel Reserved
strength ratio
Ductility
indexTransverse Longitudinal
θcr(rad/m) Tcr(kN ·m) θu(rad/m) Tu(kN ·m) θyt(rad/m)
Tyt
(kN ·m)
θyl
(rad/m)
Tyl
(kN ·m) Tu/Tcr θu/θcr
MT30-0.77 0.0060 55.00 0.0060 55.00 0.0324 48.83 0.0116 48.49 1.00 1.00
MT30-1.32 0.0048 51.55 0.0307 57.04 0.0307 57.04 0.0307 57.04 1.11 6.46
MT40-1.32 0.0063 58.29 0.0063 58.29 0.0187 52.51 0.0295 51.14 1.00 1.00
MT40-1.89 0.0063 60.97 0.0282 98.40 0.0240 96.19 0.0200 89.23 1.61 4.48
MTF25-
0.77 0.0080 54.00 0.0111 54.15 0.0367 49.39 0.0198 53.04 1.00 1.39
MTF25-N 0.0075 53.97 0.0075 53.97 - - 0.0164 50.08 1.00 1.00
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strength ratio of 1.35 proposed in the previous research [8].
On the contrary, the MTF series specimens (MTF25-0.77
and MTF25-N), which are SFRC members, showed no
reserved strength. .is is because the steel ﬁber volume
fraction ratios (Vf ) of 2.17% and 8.45% are required to
satisfy the minimum ﬁber factor (Fmin) presented in
equation (4), as shown in Table 4, whereas Vf of these
specimens was 2%.
Table 3 shows the ratio of the twist angle per length at
the maximum torsional strength (θu) to that at the torsional
cracking strength (θcr) as the ductility index. .e MT30-
1.32 specimen exhibited the highest ductility index of 6.46
despite a low reserved strength ratio. In addition, the
ductility index of the MT40-1.89 specimen with the highest
reserved strength was 4.48, indicating a signiﬁcantly high
ductility index compared to other specimens except for the
MT30-1.32 specimen. Meanwhile, the MTF25-0.77 speci-
men failed to ensure the reserved strength but showed a
ductility index of 1.39. In other words, it can be conﬁrmed
that the deformation capacity (i.e., ductility) of the tor-
sional member is not signiﬁcantly correlated with the re-
served strength (Tn/Tcr). Since the torsional member
should be at least designed to have the suﬃcient resistance
capacity of the member against loads, the most important
thing in the member design is to satisfy the design strength.
.e deformation capacity will be the next consideration.
.erefore, as described above, the securing of the de-
formation capacities (i.e., ductility) of torsional members
cannot guarantee that the strength of the member can be
ensured. .us, it is reasonable to specify the minimum
torsional reinforcement ratio based on the reserved
strength rather than the deformation capacity for the safe
design of torsional members.
Figures 8(a) and 8(b) show the minimum torsional
reinforcement ratio (ρtot,min) with respect to ρtfyt/ρlfyl
and fc′, respectively. Since the minimum torsional re-
inforcement ratio speciﬁed in the ACI318 code [3] does
not consider the ratio of ρtfyt/ρlfyl, it is shown only in
Figure 8(b), and not in Figure 8(a). In addition, the re-
inforcement ratios in six test specimens are shown in the
graphs of Figure 8. .e specimens which failed to secure
the reserved strengths (i.e., λ≤ 1.35) from the test results
were indicated by triangles (△) and those ensuring the
suﬃcient reserved strengths (i.e., λ> 1.35) by circles (○).
As shown in Figure 8 and Table 3, only the MT40-1.89
specimen ensured a reserved strength greater than 35%. It
can be seen that the failure modes predicted by the pro-
posed model are consistent with the test results, except for
the MT30-1.32 specimen. However, it should be noted that
the MT30-1.32 specimen failed prematurely as the tor-
sional moment was applied rapidly to the member due to
the malfunction of the actuator. On the contrary,
Figure 8(b) indicates that all the specimens have the
torsional reinforcement greater than the minimum
amount speciﬁed in ACI318-14. Nevertheless, all the
specimens did not have enough reserved strengths except
for MT40-1.89, and as shown in Table 3, the MT30-0.77
and MT40-1.32 specimens showed abrupt failures right
after torsional cracking. .is suggests that the minimum
torsional reinforcement ratio speciﬁed in ACI318-14 does
not ensure a proper margin of safety in design.
4.3. Required Minimum Amount of Steel Fibers for Ensuring
ProperReserved Strength. As described above, the remaining
specimens, except for the MT40-1.89 specimen, failed to
ensure the reserved strength. .erefore, additional re-
inforcement is required for the specimens to achieve a target
reserved strength higher than 35% (i.e., λ> 1.35). In addi-
tion, when the member is reinforced with steel ﬁbers, the
required minimum amount of steel ﬁbers (Fmin) should be
incorporated as represented in equation (4). Table 4 sum-
marizes the minimum amount of steel ﬁber reinforcement
(Fmin) required for each specimen. In the case of the MT40-
1.89 specimen, which showed suﬃcient reserved strength
ratio in the test, and the MT30-1.32 specimen, which un-
derwent premature failure due to the actuator malfunction,
the required minimum ﬁber factor (Fmin) was calculated to
be zero. In addition, the minimum ﬁber factor (Fmin) re-
quired for the MTF25-N specimen without transverse re-
inforcement was the largest (5.07), whereas the required
ﬁber factor (Fmin) for the MT40-1.32 specimen with a rel-
atively higher torsional reinforcement ratio (ρrebartot ) was es-
timated to be as small as 0.31. .e minimum ﬁber factor
(Fmin) of the MTF25-0.77 specimen was smaller than that of
the MT30-0.77 specimen with the same torsional re-
inforcement ratio (ρrebartot ). .is is because the concrete
compressive strength (fc′) of the MTF25-0.77 specimen was
lower than that of the MT30-0.77 specimen and, therefore,
resulted in a rather small estimated minimum torsional
reinforcement ratio (ρtot,min) represented in equation (1).
When the same ﬁbers are used (i.e., lf � 30 mm,
df � 0.5 mm, and ρf � 1.0) as those incorporated in the
specimens fabricated in this study, the steel ﬁber volume
fraction (Vf ) required for each specimen to ensure a re-
served strength of 35% or more is estimated, as shown in
Table 4. As mentioned in Section 4.2, the volume fraction
ratio of steel ﬁbers required for the MTF25-0.77 specimen
was estimated to be 2.17%; however, 2.0% of steel ﬁbers
were incorporated in the test specimen, which failed to
satisfy the amount of ﬁber reinforcement necessary to
ensure a reserved strength of 35%. Even if this is taken into
consideration, the test results show the reserved strength to
be very low due to the ﬁber balling phenomenon as
mentioned above. In the case of the MTF25-N specimen
without transverse reinforcement, the required ﬁber vol-
ume fraction was estimated to be as high as 8.45%.
However, since it is in fact impossible to incorporate such a
large amount of steel ﬁbers, it is diﬃcult to replace torsional
reinforcement with only the steel ﬁbers in this case [12, 27].
.erefore, the design for torsion should be carried out
using an appropriate amount of longitudinal and trans-
verse reinforcement for such members.
5. Conclusions
In the present research, an experimental study on the total of
six torsional members was carried out to verify the equation
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to calculate the minimum amount of torsional re-
inforcement for RC and SFRC members, which was pro-
posed in the authors’ previous research. e main test
variables included the transverse and longitudinal torsional
reinforcement ratios, the compressive strength of concrete,
and the incorporation of steel bers. e following con-
clusions were drawn from the test results and the verication
process of the proposed model.
(1) As the total torsional reinforcement ratio (ρrebartot )
increased, more smeared torsional cracks occurred.
In addition, it was found that the additional in-
corporation of steel bers in the specimen with the
same reinforcement ratio made it possible to im-
prove crack control by bridging e ect of the steel
bers.
(2) If the concrete compressive strength (fc′) is high in a
member with the same reinforcement details, the
cracking torsional moment (Tcr) is relatively large.
erefore, a greater amount of torsional re-
inforcement is needed to ensure the reserved strength.
(3) e minimum torsional reinforcement ratio
(ρtot,min) proposed for ensuring a reserved strength
greater than 35% is calculated considering the
transverse and longitudinal reinforcement ratios (ρt
and ρl), steel ber volume fraction (Vf ), and concrete
compressive strength (fc′). It has also been proposed
in the form of a minimum ber factor (Fmin) to
facilitate application to SFRC members.
(4) It was possible to estimate the failure modes of the RC
and SFRC torsional specimens accurately by exam-
ining whether the proposed minimum reinforcement
requirement is satised. However, in the case of SFRC
members, the reinforcing e ects of steel bers need to
be evaluated more conservatively due to the low
workability, ber balling phenomenon, etc.
Table 4: Application of the proposed minimum ber factor to SFRC.
Specimen
names
Total torsional
reinforcement, ρtot
(%)
ρtot,min − ρrebartot
(%)
E ective
volume
fraction, ξ
Required minimum
ber factor, Fmin
Designed minimum
ber factor, Fmin
Steel ber used in
design
Vf
(%)
lf
(mm)
df
(mm) ρf
MT30-
0.77 0.774 0.27 0.38 1.85 1.85 3.08 30 0.5 1.0
MT30-
1.32 1.322 -0.15 0.38 -1.06 0.00 0.00 30 0.5 1.0
MT40-
1.32 1.322 0.05 0.38 0.31 0.31 0.51 30 0.5 1.0
MT40-
1.89 1.887 -0.71 0.38 -4.35 0.00 0.00 30 0.5 1.0
MTF25-
0.77 0.774 0.17 0.38 1.30 1.30 2.17 30 0.5 1.0
MTF25-N 0.434 0.66 0.38 5.07 5.07 8.45 30 0.5 1.0
0.0
0.5
1.0
1.5
2.0
2.5
0 0.5 1 1.5 2 2.5 3 3.5
ρ t
ot
 (%
)
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Figure 8: Estimation of reserved strength for torsional members: (a) total reinforcement ratio versus ρtfyt/ρlfyl; (b) total reinforcement
ratio versus fc′.
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